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Abstract
Mitochondrial proton-translocating NADH-dehydrogenase (complex I) is one of the largest and most complicated
membrane bound protein complexes. Despite its central role in eukaryotic oxidative phosphorylation and its involvement in
a broad range of human disorders, little is known about its structure and function. Therefore, we have started to use the
powerful genetic tools available for the strictly aerobic yeast Yarrowia lipolytica to study this respiratory chain enzyme. To
establish Y. lipolytica as a model system for complex I, we purified and characterized the multisubunit enzyme from
Y. lipolytica and sequenced the nuclear genes coding for the seven central subunits of its peripheral part. Complex I from
Y. lipolytica is quite stable and could be isolated in a highly pure and monodisperse state. One binuclear and four tetranuclear
iron^sulfur clusters, including N5, which was previously known only from mammalian mitochondria, were detected by EPR
spectroscopy. Initial structural analysis by single particle electron microscopy in negative stain and ice shows complex I from
Y. lipolytica as an L-shaped particle that does not exhibit a thin stalk between the peripheral and the membrane parts that
has been observed in other systems. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Mitochondrial NADH-dehydrogenase (EC
1.6.99.3, complex I) is among the largest and most
complicated membrane bound multiprotein com-
plexes known (see [1] and other reviews in this special
issue on complex I). It links the electron transfer
from NADH to ubiquinone with the translocation
of four protons across the inner membrane [2,3].
Despite of its central role in eukaryotic oxidative
phosphorylation and its involvement in a broad
range of human disorders [4,5], little is known about
its structure and function. A major reason for this is
that the application of molecular genetics has been
limited by the fact that the organism best suited for
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this purpose, the fermentative yeast Saccharomyces
cerevisiae, does not contain complex I [6]. Therefore,
we have established the strictly aerobic yeast Yarro-
wia lipolytica as a model system to study the struc-
ture and function of complex I. Y. lipolytica com-
bines the availability of the genetic tools that have
made yeast genetics so successful with rapid growth,
constitutively high content of mitochondria [7] and a
complex I that remains stable upon puri¢cation.
Mitochondrial complex I is composed of some 40
di¡erent subunits with a total molecular mass of
nearly 1000 kDa. Most of the subunits are encoded
by nuclear genes, whereas the seven most hydropho-
bic subunits are encoded and synthesized within the
mitochondrion [8,9]. The enzymes from bovine heart
[10,11] and the ¢lamentous fungus Neurospora crassa
[12] have been puri¢ed and characterized. One FMN
[10] and a still not exactly de¢ned number of iron^
sulfur clusters [13] serve as prosthetic groups. A sim-
pler version of complex I is also found in many bac-
teria, e.g. Escherichia coli, Paracoccus denitri¢cans,
Rhodobacter capsulatus and Thermus thermophilus
(see [14] for a recent review). While powerful genetic
techniques are available for several of these organ-
isms, bacterial complex I tends to be very unstable
and variable in content. Moreover, Escherichia coli
complex I, the only bacterial enzyme that could be
puri¢ed so far [15], is less conserved and seems to be
functionally quite di¡erent as it pumps sodium ions
in addition or instead of protons [16].
As a basis for our novel approach, we report the
puri¢cation, enzymological characterization and bio-
physical analysis of complex I from Yarrowia lipoly-
tica. The genes for those seven nuclear coded sub-
units forming the central part of the hydrophilic
domain were cloned and sequenced. An initial struc-
tural analysis by single particle electron microscopy
in ice demonstrates the suitability of the preparation
for high resolution structural studies.
2. Materials and methods
2.1. Yeast growth and preparation of mitochondrial
membranes
Y. lipolytica wild-type (strain E150) was grown at
30‡C in a 50-l fermenter aerated at 50 l/h. The me-
dium contained (w/v) 2% glucose, 2% bactopeptone
and 1% yeast extract. Approximately 2 kg cells (wet
mass)/50 l were harvested during late exponential
growth phase after 14^16 h by centrifugation for 10
min at 5000Ug. The cells were washed with water
and stored at 380‡C. All further steps were carried
out at 4‡C. One hundred and ¢fty grams of cells were
resuspended in 300 ml 20 mM Na/MOPS, 400 mM
sucrose and 1 mM EDTA, pH 7 and disrupted by a
single pass through a Gaulin laboratory homogenizer
at 500 MPa. Cell debris was removed by centrifuga-
tion for 30 min at 5000Ug and the membrane frac-
tion consisting mostly of mitochondrial membranes
was obtained by centrifugation for 1 h at 100 000Ug.
2.2. Cloning and sequencing
The nuclear genes coding for the seven highly con-
served, central subunits of the peripheral part of
complex I from Y. lipolytica were all cloned by the
same general strategy: peptide sequences highly con-
served among Neurospora crassa, Bos taurus and
Paracoccus denitri¢cans were identi¢ed by sequence
alignments using the GCG program CLUSTAL
(HUSAR, DKFZ, Heidelberg, Germany). Degener-
ate primers were deduced by reverse translation and
used for PCR on genomic DNA from haploid
strain E150. The following degenerate primers were
used to generate PCR-probes for the central complex
I genes (forward primer/reverse primer): NUAM,
CTIACIATIGAYGGNCAYAARG/GTYTTRTCR-
TTDATCCAYTCYTC; NUBM, CCITGYACIGTI-
GARGARGARATG/CKRCAIGGIGTRCAYTGI-
CCRC; NUCM, CARGC IYTICCNTAYTTYG/
RTCIACYTCICCRAANAC; NUGM, GCIAAYT-
GGTAYGARMG NG/GICCYTCRAANCCRTA-
RTC; NUHM, CCIATGMGIGTITAYGARGTN-
GC/CAIGCICCIARRCAYTCNACY; NUIM, AT-
HTAYTAYCCITTYGARAARGG/CARTADATR-
CAYTTNGTCATRTC; NUKM, ACITTYGGIY-
TIGCITGYTGYGC/GGRCAICCIGGIACRTAD-
ATYTC. PCR products were subcloned into pCR2.1
(Invitrogen), veri¢ed by sequencing and used to
screen an ordered genomic library from strain E150
[7]. Positive clones were sequenced in both directions
using an ABI 310 genetic analyzer (PE Applied Bio-
systems). The genes were named according to the
established nomenclature for mitochondrial complex
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I from other organisms (the name of the homologous
bovine subunit and the accession number for the
EMBL database are given in brackets): NUA-
M_YARLI (75 kDa; AJ249781), NUBM_YARLI
(51 kDa, 249782), NUCM_YARLI (49 kDa,
AJ249783), NUGM_YARLI (30 kDa, AJ249784),
NUHM_YARLI (24 kDa, AJ250338), NUKM_YAR-
LI (PSST, AJ250340) NUIM_YARLI (TYKY,
AJ250339).
2.3. Analytical methods
Protein was determined according to a modi¢ed
Lowry protocol [17]. Redox spectra of cytochromes
were recorded on a Shimadzu UV-300 spectropho-
tometer using reported extinction coe⁄cients [18].
Low temperature X-band EPR-spectra were ob-
tained on a Bruker ESP 300E spectrometer equipped
with a liquid helium continuous £ow cyrostat, ESR
900 from Oxford Instruments. The samples were
mixed with NADH in the EPR tube and frozen in
liquid nitrogen after 30 s reaction time. For all spec-
tra, the same set of instrument parameters was used:
microwave frequency 9.48 GHz, center ¢eld 345 mT,
sweep width 70 mT, sweep time 167.8 s, time con-
stant 163.84 ms, modulation frequency 100 kHz,
modulation amplitude 1 mT. Spectra were accumu-
lated ¢ve times and corrected for a baseline (bu¡er
without complex I) recorded under the same condi-
tions. Tricine SDS^PAGE was performed according
to Scha«gger and von Jagow [19].
2.4. Determination of catalytic activity
Deamino-NADH (dNADH) was used to assay
complex I, as it is not used as a substrate by the
alternative NADH-dehydrogenase. dNADH:NBQ
activity at 60 WM NBQ and 100 WM dNADH was
measured using a Shimadzu UV-300 spectrophotom-
eter in the dual-wavelength mode by following
dNADH-oxidation at 340^400 nm (O= 6.10 mM31
cm31) and 30‡C [18]. Thirty to 50 Wg protein/ml of
mitochondrial membranes or fractions from di¡erent
preparation steps were used for this assay. For the
determination of Michaelis^Menten parameters, the
concentration of the substrates was varied in the ap-
propriate range.
Inhibitor-insensitive dNADH:HAR activity was
measured using a Shimadzu UV-300 spectrophotom-
eter in the dual-wavelength mode by following
dNADH-oxidation at 340^400 nm (O= 6.10 mM31
cm31) and 30‡C [20].
2.5. Puri¢cation of complex I
All preparation steps were performed at 4‡C. Mi-
tochondrial membranes (20 mg total protein/ml)
were suspended with 0.2 g lauryl maltoside/g protein
in 100 ml of 50 mM NaCl, 1 mM EDTA and 20 mM
Na/MOPS, pH 7.0 and centrifuged for 90 min at
100 000Ug. The supernatant contained water-soluble
enzymes and most of mitochondrial complex V. The
sediment was resuspended to 20 mg/ml protein in
0.75 g lauryl maltoside/g protein, 50 mM NaCl,
1 mM EDTA and 20 mM Na/MOPS, pH 7.0 and
centrifuged again at 100 000Ug for 90 min. The sedi-
ment contained most of mitochondrial complex IV,
some complex III and a minor fraction of complex I.
The supernatant containing most of complex I was
adjusted to 75 mM NaCl and 2% (w/v) lauryl malto-
side were added before application onto a 150-ml
DEAE-Biogel A (Bio-Rad) column equilibrated
with 75 mM NaCl, 0.05% lauryl maltoside, 1 mM
EDTA and 25 mM Na/MOPS, pH 7.0 at a £ow
rate of 2.5 ml/min. The column was washed with
one volume of 100 mM NaCl, 0.1% lauryl maltoside,
pH 7.0 and complex I was eluted with 200 mM
NaCl, 0.25% lauryl maltoside, 1 mM EDTA and
25 mM Na/MOPS, pH 7.0. Fractions containing
dNADH:NBQ oxidoreductase activity were pooled,
concentrated by centrifugation through Centricon 30
cartridges (Millipore), ¢ltered through a 0.2-WM ny-
lon thread ¢lter (Roth) and applied to a 21.5 mm
U60 cm TSKgel G4000SW column (Toso-Haas)
equilibrated with 0.1% lauryl maltoside and 100 mM
NaCl, 1 mM EDTA and 25 mM Na/MOPS, pH 7.0.
Chromatography in the same bu¡er was performed
in a Beckman Biosys 2000 System at a £ow rate of
2.5 ml/min. Y. lipolytica complex I eluted as a dom-
inant peak detected at 280 nm, which was identi¢ed
as the monomeric form of the pure enzyme with a
molecular mass close to 1000 kDa. Fractions con-
taining complex I were pooled, concentrated and
stored in liquid nitrogen. Typically, about 5 mg of
puri¢ed enzyme were obtained from 2000 mg of mi-
tochondrial membranes.
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2.6. Protein sequencing
For amino-terminal sequencing, mitochondrial
membranes were dissolved in 2% lauryl maltoside
and 500 mM aminocaproic acid and separated by
two-dimensional BN/SDS^PAGE [21]. After transfer
onto a polyvinylidene-di£uoride membrane, individ-
ual subunits were sequenced by automated Edman
degradation, in an Applied Biosystems 473 A
pulsed-liquid protein sequencer.
2.7. Negative stain electron microscopy and image
processing
Complex I was diluted to a concentration of 0.03
mg/ml. A 5-Wl amount of the specimen was applied
to holey carbon coated grids covered with an addi-
tional thin carbon layer and stained with 1% uranyl
acetate. Images were recorded under low-dose con-
ditions in a Phillips CM12 microscope at 100 kV
acceleration voltage at 45 000U magni¢cation and
a defocus of approximately 0.8 Wm. Films were de-
veloped in full strength D19 (Kodak). Selected mi-
crographs were scanned with a Zeiss SCAI £atbed
scanner using a stepsize of 7 Wm and subsequently
binned down to 21 Wm, corresponding to a pixel size
of 4.7Aî on the specimen scale. Image processing was
performed using the programs SPIDER and WEB
[22,23].
Nine hundred particles showing approximate L-
shape were initially selected from 21 micrographs.
After contrast normalization, alignment was per-
formed by rotational alignment of the auto correla-
tion functions [24], followed by translational and ro-
tational alignment in direct space [25]. For
classi¢cation, the aligned images were analyzed
with correspondence analysis [26,27], and classi¢ed
using the dynamic clouds algorithm [28] followed by
hierarchical ascendent classi¢cation [29]. This re-
sulted in two major classes, which apparently corre-
sponded to particles with opposite sides facing the
carbon support. The images in one of the classes
were mirrored, realigned with the images of the sec-
ond class and averaged. The resulting average (Fig. 3
top) contains 750 images. For resolution determina-
tion, the data set was split in half, two averages were
calculated and compared by Fourier ring correlation
[30,31] using as cuto¡ value ¢ve times the noise cor-
relation (FRC5) or three times the noise correlation
(FRC3) [32].
2.8. Cryo-electron microscopy and image processing
For cryo-electron microscopy, the specimen was
diluted to 0.1 mg/ml and then applied to holey car-
bon coated grids covered with an additional thin
carbon layer and rapidly frozen in liquid ethane. Mi-
croscopy was carried out on a Phillips CM120 at
120 kV acceleration voltage and a magni¢cation of
60 000U and a defocus value of 2.1 Wm. From 19
micrographs, 771 images were selected and processed
using the same methods as for the stained specimen.
After classi¢cation, two major classes, corresponding
to particles facing the support with opposite sides
could again be distinguished. The members of one
class were mirrored and realigned as described above
and an average consisting of 479 particles was calcu-
lated (Fig. 3 bottom).
3. Results
3.1. Cloning and sequencing of the seven nuclear genes
coding for the central subunits of peripheral part
of complex I from Y. lipolytica
We have cloned and sequenced the Y. lipolytica
genes, encoding the seven highly conserved, nuclear
encoded subunits of complex I. These subunits har-
bor one non-covalently bound FMN and six to seven
iron^sulfur clusters. A synopsis of the characteristic
features of these central proteins of complex I from
Y. lipolytica is presented in Table 1. The length of
the deduced protein sequences were comparable to
the homologous subunits from other species. No in-
trons were found in any of the open reading frames.
In ¢ve cases, the determination of N-terminal se-
quences from the mature proteins allowed for direct
identi¢cation of the site of processing following im-
port to the mitochondrial matrix space (Table 1, Fig.
1). The length of the presequences varies between
18 and 34 amino acids and all ¢ve processing sites
exhibited an arginine in position 33 as has been
reported for many mitochondrial proteins [33].
All seven proteins are well conserved between
Y. lipolytica, N. crassa, B. taurus, P. denitri¢cans,
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R. capsulatus and E. coli. This is illustrated in Table
2 by comparing sequence similarity values calculated
from pairwise alignments of the translation products
of the complete open reading frames. The similarity
values for the subunits of the E. coli enzyme are
signi¢cantly lower than for the two other bacterial
species. This may be related to the recent observation
that complex I from E. coli translocates sodium ions
instead or in addition to protons [16].
3.2. Puri¢cation and general characterization of
complex I from Y. lipolytica
The progress of a typical preparation of complex I
from Y. lipolytica mitochondrial membranes is sum-
marized in Table 3 and illustrated by SDS^PAGE of
the di¡erent stages of puri¢cation in Fig. 1. The
progress of puri¢cation was monitored by the com-
plex I-speci¢c substrate deamino-NADH because it
does not react with alternative NADH-dehydrogen-
ases in Y. lipolytica [7]. Hexamine-ruthenium(III)-
chloride (HAR) was used as an arti¢cial electron ac-
ceptor; in contrast to the physiological acceptor ubi-
quinone, its reactivity with complex I does not de-
pend on the presence of detergents and the lipidation
of complex I [34]. Judged by this activity, complex I
was enriched 30-fold in the pooled fractions of the
TSKgel G4000SW column in comparison to solubi-Ta
bl
e
1
C
ha
ra
ct
er
is
ti
c
fe
at
ur
es
of
th
e
se
ve
n
nu
cl
ea
r
co
de
d
ce
nt
ra
l
su
bu
ni
ts
of
Y
.
lip
ol
yt
ic
a
co
m
pl
ex
I
G
en
e
sy
m
bo
l
Su
bu
ni
t
in
bo
vi
ne
he
ar
t
co
m
pl
ex
I
A
m
in
o
ac
id
s
of
op
en
re
ad
in
g
fr
am
e
A
m
in
o
ac
id
s
of
m
at
ur
e
pr
ot
ei
n
M
r
of
m
at
ur
e
ap
op
ro
te
in
P
ro
ce
ss
in
g
si
te
a
C
on
se
rv
ed
ir
on
^s
ul
fu
r
cl
us
te
r
bi
nd
in
g
m
ot
if
sb
P
ro
st
he
ti
c
gr
ou
ps
(b
ov
in
e)
b
N
U
A
M
75
kD
a
72
8
69
4
75
19
5
A
R
R
L
MA
E
IE
D
-(
x)
6
-E
-(
x)
8
-C
-(
x)
10
-
C
-(
x)
10
-C
xx
C
-(
x)
13
-C
-(
x)
35
-C
xx
C
xx
xx
xC
-(
x)
40
-
C
xx
C
xx
C
-(
x)
44
-C
P
N
1b
,
N
4,
N
5
N
U
B
M
51
kD
a
48
8
47
0
51
65
7
SR
G
F
MA
T
T
Q
C
xx
C
xx
C
-(
x)
39
-C
F
M
N
,
N
3
N
U
C
M
49
kD
a
46
6
44
4
49
94
2
A
R
Y
M
MA
T
T
A
N
U
G
M
30
kD
a
28
1
25
1
29
22
5
A
R
A
A
ME
A
A
P
N
U
H
M
24
kD
a
24
3
C
xx
xx
C
-(
x)
35
-C
xx
xC
N
1a
N
U
IM
T
Y
K
Y
22
9
-C
xx
C
xx
C
xx
xC
P
-(
x)
27
-
C
xx
C
xx
C
xx
xC
P
N
2
?
N
U
K
M
P
SS
T
21
0
18
3
20
42
5
T
R
A
Y
MS
A
P
A
C
C
xx
E
-(
x)
60
-C
-(
x)
29
-C
P
N
2
?
a
A
ve
rt
ic
al
lin
e
m
ar
ks
th
e
st
ar
t
of
th
e
m
at
ur
e
pr
ot
ei
n
as
de
te
rm
in
ed
by
E
dm
an
de
gr
ad
at
io
n.
T
he
3
3
ar
gi
ni
ne
is
un
de
rl
in
ed
.
b
N
1a
an
d
N
1b
ar
e
bi
nu
cl
ea
r
cl
us
te
rs
,
N
2,
N
3,
N
4
an
d
N
5
ar
e
te
tr
an
uc
le
ar
cl
us
te
rs
[1
3]
.
T
he
lo
ca
ti
on
of
ce
nt
er
N
2
is
co
nt
ro
ve
rs
ia
l. Fig. 1. Stages of complex I puri¢cation and N-terminal sequen-
ces of ¢ve central subunits. Silver-stained tricine SDS^PAGE of
isolated complex I and di¡erent stages of preparation was per-
formed according to Scha«gger and von Jagow [19]. The protein
samples (5 Wg total protein, see Table 1) were incubated for
30 min at 35‡C in 4% SDS (w/v), 2% mercaptoethanol, 10%
glycerol, 0.01% Serva blue G, 50 mM Tris/HCl, pH 7.0. (A)
membranes; (B) sediment of pre-extraction; (C) supernatant of
extraction; (D) Biogel A-pool; (E) TSKgel G4000SW-pool. See
also Table 3.
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lized mitochondrial membranes and the yield was
near 10%. No contaminations by other respiratory
chain complexes could be detected by SDS^PAGE
of the puri¢ed enzyme (Fig. 1). Optical spectra at
400^500 nm of the air oxidized preparation revealed
minor residual contaminations by cytochrome c oxi-
dase (data not shown). If required, this and other
remaining impurities were removed by a second
pass through the TSKgel G4000SW column, result-
ing in highly pure enzyme with a speci¢c HAR ac-
tivity up to 60 Wmol min31 mg31. After the ¢rst pass,
the preparation exhibited a speci¢c activity for
deamino-NADH to nonylubiquinone (NBQ) of
0.7 Wmol min31 mg31 at 30‡C and pH 7.0. This
activity could be fully inhibited by complex I inhib-
itors like rotenone, piericidin A and DQA [18]. Using
the deamino-NADH to HAR activity as an internal
standard, the speci¢c activity after puri¢cation could
be estimated to re£ect a turnover number that was
only 5^10% when compared to mitochondrial mem-
branes. However, the addition of phospholipid to the
puri¢ed enzyme resulted in an up to four-fold recov-
ery of the quinone-reductase activity (data not
shown). The Km value for deamino-NADH was
15 þ 3 WM which is slightly lower than in mitochon-
drial membranes (26 þ 3 WM). The apparent Km val-
ue for nonylubiquinone was decreased 2.5-fold upon
puri¢cation from 20 þ 1 to 8 þ 1 WM.
3.3. EPR-spectroscopic analysis of iron^sulfur clusters
EPR-spectra of the isolated complex I from
Y. lipolytica at 35 and 12 K were found to be similar
to those reported earlier for the N. crassa enzyme
[35]. Four Fe^S clusters could be detected (Fig. 2A)
and were identi¢ed as the binuclear cluster N1, and
the three tetranuclear clusters N2, N3 and N4 based
on their similarity to the N. crassa enzyme (Table 4):
at relatively high sample temperature (35 K) only the
binuclear [2Fe^2S] cluster N1 could be detected. At
lower temperature (12 K) the tetranuclear [4Fe^4S]
clusters N2, N3 and N4 could be identi¢ed by their
characteristic g-values.
At 5 K, the spectrum of an additional iron^sulfur
cluster was detected with gz = 2.065 (Fig. 2B). The gx
and gy region of the spectrum could not be identi¢ed
with certainty. With increasing microwave power up
to 100 mW the signal of this iron^sulfur cluster be-
came more and more pronounced indicating a very
fast relaxation time. At 5 K, the half-saturation pa-
Table 3
Puri¢cation of Y. lipolytica complex
Fraction Protein dNADH/HAR activity
mg % Wmol min31 % Wmol min31 mg31
Solubilized mitochondria 2500 100 2940 100 1.2
Sediment of pre-extraction 1480 59 2550 87 1.7
Supernatant of extraction 530 21 1340 46 2.5
DEAE-Biogel A pool 33 1.3 610 21 19
TSKgel G4000SW pool 7 0.3 280 9.5 40
Table 2
Sequence similarity (%) of central subunits of the peripheral part of complex I from various organisms to subunits from Y. lipolyticaa
Subunit Neurospora crassa Bos taurus Paracoccus denitri¢cans Rhodobacter capsulatus Escherichia coli
NUAM/75 kDa 73 63 57 59 39
NUBM/51 kDa 79 75 71 72 50
NUCM/49 kDa 77 75 66 68 51
NUGM/30 kDa 70 61 57 58 40
NUHM/24 kDa 67 64 46 49 45
NUIM/TYKY 77 66 77 75 43
NUKM/PSST 78 72 72 71 52
aValues were calculated using the GCG program GAP, HUSAR, DKFZ, Heidelberg, Germany, using a gap creation penalty of 8 and
a gap extension penalty of 2.
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rameter P1=2 was estimated to be 180 mW. These
parameters are characteristic of an additional tetra-
nuclear iron^sulfur cluster N5 that was previously
found only in bovine heart complex I (gz;y;x = 2.07,
1.93, 1.90 [13]). It should be stressed that this signal
was observed with several di¡erent batches of protein
and after one or two passes through the TSKgel
G4000SW column. In samples examined, the inten-
sity was the same relative to those of other iron^
sulfur clusters. With increasing microwave power a
signi¢cant enhancement of signals round g = 1.93 and
1.90 was observed that went essentially parallel with
the gz signal of cluster N5. We assume that this was
due to the gx and gy signals of cluster N5, but an
unambiguous assignment was impossible, because of
an overlap with the spectrum of N4 that also exhibits
increasing intensity between 10 and 100 mW of mi-
crowave power.
3.4. Single-particle electron microscopy
Preparations of complex I were analyzed as single
particles by electron microscopy and image process-
Table 4
Compilation of g values for individual iron^sulfur clusters in
complex I from Y. lipolytica (this work) and N. crassa [35]
Organism Iron^sulfur cluster g values
gz gy gx
Y. lipolytica N1 2.020 1.943 1.94
N2 2.053 1.929 1.925
N3 2.030 1.924 1.860
N4 2.103 1.939 1.894
N5 2.065 (1.93) (1.90)
N. crassa N1 2.019 1.935 1.933
N2 2.051 1.925 1.916
N3 2.044 1.928 1.867
N4 2.098 1.920 1.884
Fig. 2. EPR spectra of puri¢ed complex I from Y. lipolytica. A
6.2-mg/ml amount of complex I was reduced by adding 2.5 mM
NADH. (A) EPR spectra at 35 and 12 K recorded with 2 mW
microwave power. The EPR signatures of iron^sulfur clusters
N1 to N4 were identi¢ed based on their similarity to the
N. crassa enzyme [35]. (B) Series of 5 K EPR spectra covering
a range of 2^100 mW microwave power. P1=2 for iron^sulfur
cluster N5 was estimated to be about 180 mW at this tempera-
ture. See Section 2 for other EPR parameters.
C
BBABIO 44909 19-7-00
R. Djafarzadeh et al. / Biochimica et Biophysica Acta 1459 (2000) 230^238236
ing. Images from negatively stained specimens and
from frozen hydrated specimens were analyzed.
The average image, calculated from 750 particles
in negative stain (Fig. 3 top) revealed an L- or boot-
shaped particle. Based on earlier studies of the
N. crassa enzyme [36], the horizontal domain was
identi¢ed as the membrane bound part and the ver-
tical arm was assigned to the hydrophilic part pro-
jecting into the mitochondrial matrix space. This ver-
tical arm revealed a protrusion (see arrow in the top
of Fig. 3), which, for complex I of N. crassa, had
been found to bind Fab fragments directed against
the 49-kDa subunit [37].
Similar features can be seen in images of frozen
hydrated particles of complex I from Y. lipolytica
(Fig. 3 bottom). The average was calculated from
479 particles. The matrix part seemed to consist of
two main features, the 49-kDa domain mentioned
above and a second dense domain at the top of the
arm. Near the cluster of the membrane domain, an
indentation can be seen, which had also been appar-
ent from negatively stained particles of bovine com-
plex I. However, in contrast to projection images
from frozen particles of bovine complex I [38], we
could not observe the appearance of a stalk between
the membrane domain and the peripheral arm in
frozen hydrated preparations (Fig. 3 bottom).
4. Discussion
Our data represent a comprehensive characteriza-
tion of proton-translocating NADH-dehydrogenase
(complex I) from Y. lipolytica. The stability of this
very large membrane bound multiprotein complex
and the well developed genetics of this obligate aero-
bic yeast [39] make this organism an ideal model
system for functional, structural and genetic analysis
of eukaryotic complex I.
With respect to overall subunit composition and
sequence homology of the seven nuclear coded cen-
tral subunits, complex I from Y. lipolytica is very
similar to the enzyme from the ascomycete N. crassa
[1]. Also, all EPR detectable iron^sulfur clusters
characterized earlier in the N. crassa complex were
present in isolated Y. lipolytica complex I and exhib-
ited very similar EPR signatures. However, at high
microwave power and very low temperature, we
could detect an additional very fast relaxing iron^
sulfur cluster. Its g-values and relaxation properties
were in the same range as reported for iron^sulfur
cluster N5 that has been so far described only for the
bovine complex [13]. As iron^sulfur cluster N5 had
been found only in bovine submitochondrial particles
and not in Candida utilis [40] or plant mitochondria
[41], it was questioned whether this cluster is a gen-
uine component of complex I [42]. Our ¢nding that
puri¢ed complex I from Y. lipolytica contains this
redox center makes this argument obsolete and iden-
ti¢es center N5 as a true component of this respira-
tory chain complex. N5 may have been missed in
other systems due to its very fast relaxation.
Puri¢ed complex I from Y. lipolytica also proves to
be well suited for structural studies. Our initial anal-
ysis by single particle electron microscopy revealed
no signi¢cant di¡erence between molecules in ice and
in negative stain. The L-shaped structure is very sim-
ilar to the structural model derived from negatively
stained particles of the N. crassa enzyme [37]. This is
in contrast to bovine complex I that looks similar to
the fungal enzyme in negatively stained particles, but
Fig. 3. Single-particle average of complex I from Y. lipolytica.
Top: negatively stained particles, resolution FRC5, 36 Aî
(FRC3, 27 Aî ). Scale bar: 100 Aî . The arrow indicates the posi-
tion of the 49-kDa subunit which has been identi¢ed in N. cras-
sa by monoclonal antibody binding [37]. Bottom: particles in
ice, resolution FRC5, 32 Aî (FRC3, 29 Aî ). Scale bar: 100 Aî .
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exhibits a thin stalk connecting the peripheral and
the membrane part of the complex in ice [38]. We
have found no indication for such a thin stalk in the
Y. lipolytica enzyme. Further structural studies in-
cluding attempts to crystallize complex I from
Y. lipolytica are in progress.
The work presented here forms the basis for struc-
ture/function analysis of complex I by e⁄cient site-
directed mutagenesis of complex I from Y. lipolytica.
This approach has already proven to be useful and
the ¢rst functionally de¢cient mutants have been
characterized (Ahlers et al., submitted for publica-
tion).
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